The halophyte, Leymus chinensis (Trin.) a perennial rhizomatous grass, is widely distributed in northern China, Mongolia and Siberia. Due to its ecological and economical significance, understanding the underlying causes of the low fecundity and long-term seed dormancy that are characteristic of L. chinensis is critical for promoting propagation and germination of this grass. This study investigates the effect of saturation treatments of mature seeds on breaking seed dormancy and increasing germination in L. chinensis. The germination rates were significantly increased to 33.81, 46.15 and 50.35% from LcWT07-1, LcWT07-2 and LcJS0107, respectively after saturation treatments at 4°C for 3 days, suggesting that germination inhibitor components had been lixiviated from seed coats and/or mature seeds. High-performance liquid chromatography (HPLC) and ultraviolet (UV) analysis demonstrated that acidic components were lixiviated from both seed coats and dehusked mature seeds. Since dehusking also promotes seed germination, we predicted that the seed coat-derived soluble components contained germination inhibitors. Indeed, when L. chinensis plantlets were watered with the lixiviated solutions, their germination, but not their growth and development, was inhibited. Taken together, this work provides valuable insight into the regulation of seed dormancy and germination rate in L. chinensis, which may in turn have implications for improved propagation.
INTRODUCTION
The halophyte Leymus chinensis (Trin.), a perennial rhizomatous grass belonging to the tribe Poaceae (Czerepanov, 2007) , is a constructive species widely distributed in the meadow steppe of the eastern Eurasian grasslands and the Loess Plateau, Songnen Plain and Nei Mongol Plateau in China (Liu et al., 2002) . Due to its intrinsic adaptation to highly alkali-sodic soil conditions (Anamthawat Jónsson et al., 1990; Jin et al., 2006) , L. chinensis has been used as a soil-binding plant to protect soil from desertification in the arid areas of northwest China. This environmental adaptability, combined with fine agronomic properties such as rich productivity, high protein content, adaptability to its surroundings and palatability to cattle, has made L. chinensis a useful component of artificial grasslands constructed to improve ecological conditions in Western China (Jia, 1987) . However, despite these attributes, L. chinensis exhibits low sexual reproductivity, and its slow propagation cannot compensate for the destructive effects of deteriorating environmental conditions, human activity and extensive grazing (Wang et al., 2005) . Major causes of L. chinensis seed germination inhibition include protandry in L. chinensis, which limits pollination within flowering shoots and results in self-incompatibility (Wang et al., 2005 ; Dehusked mature seed number is the coated mature seed number minus barren seed number. y Ratio of seed to seed coat weight is the ratio of dehusked mature seed weight to seed coat weight per gram of coated mature seeds, with a high er weight ratio indicating a higher degree of maturity. Huang et al., 2004) , and seed dormancy (Ma et al., 2008) .
The germination of halophytes is controlled by several environmental factors, including light (Huang and Gutterman, 1998) , temperature (Badger and Ungar, 1989) , and salinity (Ungar, 1995) . Seed dormancy is also influenced by these environmental factors , as well as plant hormones (Bewley, 1997; Carrera et al., 2008) and several molecular signaling pathways (Bethke et al., 2004; Sarath et al., 2007) . The seed dormancy style of L. chinensis has been characterized as inhibitor-induced physiological dormancy, with abscisic acid (ABA) being one of the key inhibitors (Ma et al., 2005) . Previous physical and chemical approaches to break seed dormancy in L. chinensis have included seed coat removal, pre-cold treatment and variable temperature, polyethylene glycol (PEG) treatment, salt stress treatment and exogenous gibberellic acid (GA 3 ) or 6-benzyladenine (6-BA) treatment (Yi, 1994; Yi and Zhang, 1995; Ma et al., 2005; Zhou and Yang, 2004; Ma and Liang, 2007) . However, these methods have not shown a clear effect on increasing germination rate.
In this study, we saturated three mature seed samples, including two ecotypes, with 4°C sterile water to lixiviate the predicted germination inhibitors. We analyzed the soluble extracts lixiviated from coated mature seeds, dehusked mature seeds and seed coats by highperformance liquid chromatography (HPLC) and ultraviolet (UV) analysis. To detect whether the lixiviated components could promote the maintenance of seed dormancy and/or inhibition of seed germination, we examined the germination rates of mature seeds after saturation, germination rates of dehusked mature seeds and plant growth responses following exogenous application of lixiviated solutions. Our results suggested that saturation in sterile water can efficiently break seed dormancy and thus, increase germination rates. Furthermore, the lixiviated solutions specifically inhibited seed germination but not seedling growth or development.
MATERIALS AND METHODS
Mature seeds of wild-type genotype, LcWT07-1 and LcWT07-2 strains were obtained from the natural grasslands in Siping, Jilin, China. Mature seeds of LcJS0107, a newly cultivated variety, were obtained from the Jisheng Chinese Wildrye Excellent Seed Station, Changchun, Jilin, China (Sun and Hong, 2011) . The mature seeds were naturally air-dried and stored at 4°C. Coated and dehusked mature seeds were both surface-sterilized (Sun and Hong, 2010) , with 70% ethanol for 1 min followed by 5% sodium hypochlorite for 20 min. The surface-sterilized mature seeds were then washed 5 times with an excess of sterile water.
Saturation treatment
1 g of coated mature seeds was put in 500 ml tissue culture pots with 100 ml sterile water for extracting the soluble components at 4°C. To compare the changes in the lixiviated components, the dehusked mature seeds and seed coats from 1 g of coated mature seeds (dehusked mature seed/seed coat weight ratio, shown in Table 1 ) were separately incubated in 100 ml sterile water for extracting at 4°C. The lixiviated solutions were collected and replaced by 100 ml fresh sterile water every 24 h for 3 days.
High-performance liquid chromatography (HPLC) analysis of soluble components
The lixiviated solutions obtained following saturation were analyzed by an HPLC system (CBM-20A, Shimadzu Co. Ltd., Japan) with two gradient pump systems (LC-20AT, Shimadzu), a UV-detector (SPD-10A, Shimadzu), an auto sample injector (SIL-20A, Shimadzu) and a column oven (CTO-20A, Shimadzu). A prevailing C18 column (4 μm, 150 × 4.6 mm, Synergi Fusion-RP 80A, USA) was used. The flow rate of mobile phase solution was 1.0 ml/min. The mobile phase solution was run by a gradient system as follows: solution A (0.4%, v/v, formic acid in distilled deionized water) and solution B (acetonitrile), with a gradient elution programmed to 2 to 5% of solution B for 0 to 10 min, 5 to 15% of solution B for 10 to 20 min, 15 to 30% of solution B for 20 to 30 min and 30 to 100% of solution B for 30 to 50 min. Sample injection volume was 10 μL. Peaks were monitored at 280 nm. All lixiviated solutions were condensed and redissolved in 10 ml distilled deionized water for sample injection.
Ultraviolet (UV) spectrophotometry analysis of lixiviated components
Wave scan from 200 to 900 nm was performed on the lixiviated solutions using UV spectrophotometry (NanoPhotometer TM , IMPLEN, UK). The absorbance at specific wavelengths was measured using Single Wavelength program of UV spectrophotometry.
Inhibition assay
The lixiviated solutions were added into culture medium (1:100, v/v) to evaluate the effect on the germination rates of dehusked mature seeds. The culture medium used for germination contained Murashige and Skoog (MS; Murashige and Skoog, 1962) basic salts, 30 g L -1 sucrose and 4.0 g L -1 gelrite for solidification. The pH of the medium was adjusted to 5.8 prior to the addition of gelrite. The culture medium was then sterilized by autoclaving at 120°C and 1.4 kg cm -2 for 20 min. Dehusked mature seeds (n = 30) were cultured in this culture medium in disks (90 mm in diameter × 15 mm in height) at a density of 10 seeds per disk. The cultures were stored at 25°C, with a 16/8 h (day/night) photoperiod and a relative humidity of 45 to 70%. The germination rates were examined and calculated by the ratio of germinated seed number to total sown seed number after 15 days culture. Three independent repetitions were performed for each germination rate experiment.
The saturation extraction solutions from different saturation times were also used for watering one-week-old LcJS0107 seedlings (n = 3) to evaluate the effect on plant growth and development. The surface-sterilized coated mature seeds were germinated on sterile filter paper wetted with sterile water at 25°C, and the seedlings were grown in pots (20 cm in diameter × 20 cm in height) containing clay/vermiculite (3/1, v/v) at a density of one seedling per pot. The plants were grown at 25°C in greenhouse conditions using a 16/8 h (day/night) photoperiod and a relative humidity of 45 to 70%. During the treatment period, plant height, leaf number, leaf length and width and thickness of the main daughter rhizome plant were measured. Three independent repetitions were performed for each separate analysis on growth and development.
Statistical analysis
Differences between the means were determined by two-way analysis of variance (ANOVA) using Duncan's multiple-range test (Duncan, 1955) . A P value of less than 0.05 was considered statistically significant.
RESULTS AND DISCUSSION

Morphological characteristics of LcWT07-1, LcWT07-2 and LcJS0107
Mature seeds of LcWT07-1 and LcWT07-2 strains were collected from natural grasslands in Jilin, China, while mature seeds of LcJS0107 were collected from artificial planting fields in Jilin, China. There were more adulterants, such as spike haulms in LcWT07-1 and LcWT07-2 mature seed samples, compared with LcJS0107 ( Figure 1) ; however, there were no significant differences in mature seed number per gram or thousand-seed weight between the three genotypes ( Table 1) . The dehusked mature seed number per gram of LcJS0107 was relatively higher than that of LcWT07-1 and LcWT07-2, and the LcJS0107 mature seed occupancy rate of 85.95% represented the highest rate among that of the three genotypes. Furthermore, the barren seed occupancy rate of LcJS0107 was significantly lower than that of LcWT07-1, and LcJS0107 displayed the highest ratio of seed to seed coat weight. Taken together, the LcJS0107 mature seed sample used in this study exhibited a higher maturation level than the other two genotypes.
Germination rates of LcWT07-1, LcWT07-2 and LcJS0107 Ma and Liang (2007) reported that the germination rates of mature L. chinensis seeds are closely linked to the environmental conditions. However, even in environmental stressed conditions, 4-to 5-year-old mature seeds have the highest germination rates and are capable of self-germination (Ma et al., 2005) . Using these criteria, the 3-year-old mature seeds used in this study are still in their seed dormancy period. This was validated by our observation that the germination rates of the mature seeds ranged from only 3 to 10% when grown in normal conditions (Table 2) . Among the three mature seed genotypes, the germination rate of LcJS0107 was significantly higher (P < 0.05) than the rates observed for either LcWT07-1 or LcWT07-2. Moreover, it has been reported that germination commences with the uptake of water by the quiescent seed and terminates with the elongation of the embryonic axis (Bewley and Black, 1994; Holdsworth et al., 2008) . Liang and Ma (2006) have suggested that the seed coats wrapping L. chinensis mature seeds promote seed dormancy and depress the germination rate due to decreased ventilation and retention of components that inhibit germination. We therefore hypothesized that dehusking the mature seeds would increase the germination rate. After dehusking, the germination rates of LcWT07-1, LcWT07-2 and LcJS0107 were increased by 3.47-, 1.88-and 0.96-fold, respectively relative to those of coated mature seeds (Table 2) .
Saturation treatment for 1 day increased the germination rates of both dehusked and coated mature seeds, although the dehusked mature seeds maintained their higher germination rates in all three genotypes. For coated mature seeds, the germination rates gradually increased over the saturation time course, reaching the highest levels after a 3-day saturation treatment. For dehusked mature seeds, the germination rates significantly increased after 1 day of saturation treatment and reached a maximum after 2 days. Although, the germination rates in dehusked seeds began to decline by 3 days, the rates of these seeds were still significantly higher than those that did not undergo saturation treatment.
UV analysis of different saturated solutions
To detect the predicted germination inhibitors in lixiviated solutions, a wavelength scan (200 to 990 nm) was performed using UV analysis. There were many absorbency peaks at specific wavelengths, with the absorbances shown in Tables 3 and 4 . Lixiviated solutions derived from seed coats and dehusked mature seeds showed absorbency peaks at 251, 265, 275, 287, 292, 850, 882, 890, 916 and 936 nm, with the highest peaks at 265, 275, 287 and 292 nm. The lixiviation rate and solution composition were influenced by the saturated component (coated mature seed, dehusked mature seed or seed coat), sample type and total volume of the soluble extract. For example, in lixiviated solutions derived from coated mature seeds, the absorbency peaks at 251, 850, 882, 890 and 916 nm were nearly undetectable. The absorbance of most components at their specific wavelengths decreased over the course of saturation. However, some components had a higher absorbance after a 3-day saturation treatment (Tables 3 and 4) . Generally, 1 day of saturation treatment could lixiviate 43.7 to 78.9% of the total extracted material. The component contents in the lixiviated solutions from day 2 showed 36.1 to 88.1% decreases compared with day 1, with the exception of the component represented by the 265 nm peak in LcWT07-2 seeds, which remained unchanged. After a 3-day saturation treatment, the absorbance of saturated components generally declined rapidly, with several exceptions. However, the 3-day-treated lixiviated components from LcWT07-2 seed coats measured at 287, 292 and 275 nm, were 265.5, 242.2 and 244.5% higher, respectively than the 2 nd day lixiviated solutions of seed coats. Similarly, at the 3 rd day of treatment, lixiviated components from LcWT07-1 coated mature seeds at 287, 292 and 265 nm, were increased by 25.8, 17.8 and 58.3%, respectively compared with the 2 nd day lixiviated solution from coated mature seeds. Similar results were found for lixiviated components from coated mature seeds of LcWT07-1 and LcWT07-2 measured at 265 nm, such that the absorbance in the 3-day-treated lixiviated components from coated mature seeds of LcWT07-1 and LcWT07-2 showed 33.2 and 5.2% increments, respectively, compared with the 2 nd day lixiviated solution from coated mature seeds.
According to the absorbance readings at 251, 850, 890 and 916 nm in lixiviated solutions from dehusked mature seeds and seed coats, there were few changes as a result of the saturation treatment. However, the components with absorbance at 936 and 916 nm were nearly nonexistent in lixiviated solutions from dehusked mature seeds, suggesting that these two components exist primarily in seed coats and are lixiviated prior to day 3 of saturation treatment.
HPLC analysis of lixiviated solutions
To further characterize the predicted germination inhibitors in lixiviated solutions, HPLC analysis was done with a C18 column with detection at 280 nm. The solutions lixiviated from LcWT07-1, LcWT07-2 and LcJS0107 coated mature seeds contained 31, 34 and 27 discrete components (as measured by peak area percentages exceeding 1%), respectively comprising 25.83, 32.08 and 33.33% of total peak numbers (Table 5 and Figure 1 ). The LcWT07-1 genotype was distinguished by 14 unique components, as compared with 6 unique components in the LcWT07-2 and 4 in the LcJS0107. There were at least 18 common components appearing in peaks at the same retention time (Ret. Time) (Table 6 and Figure 1 ). The highest peak in the LcWT07-1 appeared at a Ret. Time of 2.687 min, with 5.852% of total area; however, in the LcWT07-2 and LcJS0107, the highest peak appeared at a Ret. Time of about 2.3 min, with 14.699 and 16.730% of relevant total area, respectively (Table 6 ). The seed coats or dehusked mature seeds derived from 1 g of coated mature seeds of each plant ecotype were saturated with 100 ml sterile water for the saturation periods indicated. The absorbance was the mean of three repeats.
The lixiviated solutions from LcWT07-2 coated mature seeds, dehusked mature seeds, and seed coats were also analyzed by HPLC using a C18 column with detection at the same wavelength, 280 nm. In this experiment, only 16 peaks were identified (Table 7 and Figure 2 ), which was a much smaller amount than in the previous experiment (Table 5 and Figure 1 ) due to the different concentration of the lixiviated solutions.
There were at least 8 relatively abundant components appearing in all lixiviated solutions (Table  8) , ranging from 14.68% of total peaks and 68.65% of total peak areas. There were at least 4 components present only in dehusked seeds, but not in seed coats, with a Ret. Time of 1.9, 2.0, 4.2 and 25.8 min, while there were other at least 3 components present only in seed coats, but not in dehusked mature seeds, with a 3.9, 4.7 and 5.3 min Ret. Time. These results suggested that there were some mutual components that could be lixiviated from both seed coats and seeds, while there were other components that could only be lixiviated from either seed coats or seeds. However, it should be noted here that there might be more mutual components in this experiment that had been erroneously observed in only a subset of the lixiviated solutions due to difficult One gram of coated mature seeds of each plant ecotype was saturated with 200 ml sterile water for various the saturation peri ods indicated. The absorbance was the mean of three repeats. detection.
Effect of lixiviated solution treatment on germination, plant growth and development
To evaluate the effect of the lixiviated solutions on germination, plant growth and development, the germination and growth responses of one-week-old LcJS0107 seedlings watered with each solution were examined. Sterile water was used to establish baseline growth and development. No significant changes in germination rate were found after watering the seedlings with lixiviated solutions from coated mature seeds, regardless of whether mature seeds used for germination were coated or dehusked (Figure 3) . Furthermore, one-week treatment with the various solutions did not elicit obvious changes in morphological characteristics or a significant effect on plant growth and development (Figure 4) . A closer analysis of some growth parameters revealed that the leaf width of plants watered with the LcWT07-1 coated seed lixiviated solution was significantly higher than those watered with the LcJS0107 coated seed lixiviated solution (Figure 5 ), although there was no significant difference in any other plant growth parameter, such as plant height, leaf length or plant width. Additionally, after treatment with the LcWT07-1 coated seed lixiviated solution, leaf height, leaf width, rhizome number and plant width were slightly higher than the control, indicating that this solution did not inhibit, but instead slightly stimulated plant growth and development as shown in Figure 4D , F and Figure 5) . Furthermore, the LcWT07-2 coated seed lixiviated solution slightly stimulated leaf width growth, while the LcJS0107 coated seed lixiviated solution slightly stimulated leaf elongation and rhizome production.
The pH value of lixiviated solutions
To understand the characteristics of the various lixiviated solutions, the pH values of these solutions, as well as the water used for saturation, were examined ( Table 9 ). The pH value of each solution was lower compared with water, suggesting that the lixiviated components were weakacidic. Interestingly, the pH values of nearly all solutions lixiviated from seed coats were higher than the solutions lixiviated from dehusked seeds, regardless of the length from seed coats were a bit higher than those of seed coats and dehusked seeds. Moreover, as the saturation length increased, the pH values of lixiviated solutions decreased regardless of the saturation sample.
Conclusion
In this study, the capacity of saturation treatments in 4°C sterile water to break seed dormancy and increase germination rate in L. chinensis was investigated. Saturation treatment was predicted to lixiviate germination inhibitors from seed coats and/or mature seeds to break seed dormancy and increase germination rates. As predicted, the lixiviated solutions had inhibiting effects on L. chinensis seed germination rates. UV and HPLC analysis indicated that the lixiviated solutions comprised of discrete compounds, some of which were unique to particular seed components.
Moreover, since L. chinensis is a halophyte capable of germinating and growing in highly alkali-sodic soils naturally, we hypothesize that the acidic components lixiviated from seed coats and/or mature seeds contribute to the neutralization of environmental salinity and alkalinity to retain normal growth in environmentally stressed conditions. Validation of this hypothesis will require further studies on the characteristics and function of L. chinensis lixiviated components. The effect of plant height, leaf number, leaf length, leaf width, rhizome number and plant width after treatment with water or lixiviated solutions from LcWT07-1, LcWT07-2 or LcJS0107 coated mature seeds, presented as a relative percentage using the effects due to water treatment as controls. Means followed by the same lowercase letter in the same column are not significantly different at P < 0.05 according to two-way ANOVA using Duncan's multiple-range test. Figure S1 . Morphology of LcWT07-1, LcWT07-2 and LcJS0107 coated mature seeds. 
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